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FRICTION AND DEFORMATION BEHAVIOR OF 
SINGlf -CRYSTAL SILICON CARBIDE 
by Kazuhisa Miyoshl*and Donald H. Buckley 
Lewis Research Center 

SUMMARY 

The friction and deformation behavior of single -crystal silicon carbide was investi- 
gated to determine the effects of the orientation of the silicon carbide on friction and de- 
formation. Sliding friction experiments were conducted with a diamond rider sliding on 
a single-crystal silicon carbide (0001) surface in the (1010) and (1120) directions. 

Both spherical and conical diamond riders were used. All experiments were conducted 
with light loads of 5 to 50 grams at a sliding velocity of 3 mm/min in argon at atmos- 
pheric pressure. 

When the radius of curvature of the spherical diamond rider was large (0. 3 mm), 
deformation of silicon carbide was primarily elastic. Under these conditions the friction 
coefficient was low and did not show a dependence on the orientation of the silicon car- 
bide. Further, there was no detectable cracking of the silicon carbide surfaces. When 
smaller radii of curvature of the spherical diamond rider (0. 15 and 0. 02 mm) or a con- 
ical diamond rider was used, plastic grooving occurred, the silicon carbide exhibited 
anisotropic friction and deformation behavior , and the friction coefficient depended on 
load. Anisotropic friction and deformation of the basal plane of silicon carbide was con- 
trolled by the slip system { 1010} ( 1120) and cleavage of { 1010} . It is predicted from 
the foregoing conclusions that the ( 1010) direction in the basal plane of silicon carbide 
will exhibit the greatest resistance to abrasion in practical applications. 
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INTRODUCTION 


It has been anticipated that silicon carbide, because of its very high hardness (9 on 
Moh's scale), will be highly resistant to abrasion in an unlubricated environment 
(ref. 1). However, detailed examination of single-crystal silicon carbide in sliding con- 
tact with titanium revealed evidence of silicon carbide wear debris. Further wear de- 
bris plows the silicon carbide surface itself, and grooves are produced in a plastic man- 
ner on the surface (ref. 2). Thus, it would be of interest to know the friction deforma- 
tion and fracture behavior of silicon carbide, which is inherently brittle when compared 
with metals. In addition, knowlecfee of the influence of crystallographic orientation on 
the friction and deformation behavior of silicon carbide may lead to a better abrasion- 
resistant material for practical applications. Wear of abrasives such as silicon carbide 
occurs in such operations as grindir^, and it is highly desirable to minimize this wear. 

This investigation was conducted to examine the friction and deformation behavior of 
single -crystal silicon carbide in contact with a diamond rider. The orientation of silicon 
carbide was also examined relative to its effect on friction and deformation. All experi- 
ments were conducted with light loads of 5 to 50 grams at a sliding velocity of 3 mm/min 
in dry argon (HgO < 20 ppm) at atmospheric pressure on the (0001) basal plane in the 
(lOTO) and (ll2b) directions. Both spherical and conical diamond riders were used. 

The silicon carbide was subjected to single-pass sliding by a diamond rider; the sliding 
distance was 2 mm. Studies were all at room temperature. 


MATERIALS 

The single -crystal silicon carbide platelets used in these experiments were a 99. 9- 
percent-p\u*e compound of silicon and carbon. Silicon carbide (ref. 3) has a hexagonal 
close-packed crystal structure with xmit cell dimensions in the most commonly occurring 
form of a = 3. 0817 A and c = 15. 1183 A. The c direction was perpendicular to the 
sliding interface with the basal plane and therefore parallel to the interface. The Knoop 
hardness was 2954 in the ( 1010) direction and 2917 in the ( 1120) direction on the basal 
plane of silicon carbide (ref. 4). 

The diamonds were commercially purchased. With the possible exception of the 
artifically formed cubic modification of boron nitride, diamond is the hardest known ma- 
terial (ref. 5). It indents silicon carbide without itself suffering permanent deformation. 
Also, its elastic constants are very high. Young's modulus for silicon carbide is about 
4. 5x10^ N/mm^ (ref. 6), for diamond it lies between 7x10^ and 10X10^ N/mm^ (ref. 7). 
At low sliding velocity in argon at atmospheric pressure, the adhesion of diamond to sil- 
icon carbide is very low. 
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APPARATUS 


The apparatus used in this investigation was a system capable of applying load and 
measuring friction in argon at atmospheric pressure. The mechanism for measuring 
friction is shown schematically in figure 1. The beam contains one flat machined normal 
to the direction of friction application. The end of the rod contains the diamond rider. 
The load is applied by placing deadwe^hts on a pan on top of the rod. Under an applied 
load the friction force is sensed by strain gages. 


EXPERIMENTAL PROCEDURE 

The single -crystal silicon carbide surfaces were mechanically polished with 1-pm 
aluminum oxide (AlgOg) powder (ref. 2). The diamond riders were both spherical and 
conical. Three radii of curvature of the spherical riders were used: 0.02,0.15, and 
0. 3 mm. The apical angle of the conical riders was about 120°, and the radius of cur- 
vatvtre at the apex was less than 5 pm. These riders were polished with AlgOg before 
each friction experiment. Both the silicon carbide and diamond surfaces were rinsed 
with water and 200 -proof ethyl alcohol prior to use. The friction experiments were sin- 
gle pass. Experiments were conducted with a total sliding distance of 2 mm at a sliding 
velocity of 3 mm/min. 


RESULTS AND DISCUSSION 

Friction and Elastic Deformation with a Spherical Diamond Rider 

Sliding friction experiments were conducted with a 3-mm-radius spherical diamond 
rider in contact with a flat silicon carbide (0001) sturface. The friction coeUicients 
measured at various loads are presented in figure 2. The data of figure 2 indicate that 
the friction coefficient was not constant but decreased as the load increased. Friction 
was generally very low and does not seem to be dependent on silicon carbide orientation. 
The friction coefficient was about 0. 08 at a load of 5 grams and decreased to about 0. 03 
at a load of 50 grams. Thus, it might be concluded that the sliding truly occurred at the 
interface and that an elastic deformation could occur in both the silicon carbide and the 
diamond, which wotild accoomt for the low friction observed. To a first approximation 
for this load range, the relation between friction coefficient p and load W is given by 
an expression of the form p = (c - 1 ’=. -1/3). The minus 1/3 power can be in- 

terpreted most simply as arising from an adhesion mechanism, the area of contact being 
determined by elastic deformation as was observed herein and in reference 5. Even at 
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high magnifications (up to 10 000) of the scanning electron microscope, no groove forma- 
tion due to plastic flow and no cracking of silicon carbide with sliding was observed. The 
friction results obtained herein with a 0. 3-mm-radius spherical diamond rider in sliding 
contact with silicon carbide show that silicon carbide primarily deforms elastically. 

Over the entire load range, as a rough estimate, the mean contact pressure was 150 to 

p 

350 kg/mm , The maximum pressure at the center according to Hertz (ref. 8) would 
thus be 230 to 490 kg/mm^ (table I). 


Friction and Plastic Deformation with Spherical Diamond Rider 

Slidii^ friction experiments were conducted with 0. 15- and 0. 02-mm-radius spher- 
ical diamond riders in contact with a flat silicon carbide surface (on the (0001) plane in 
the < 1120) direction). The friction coefficients measured at various loads are presented 
in figure 3. The friction was not constant but increased as the load increased. To a 
first approximation for this load range, the relation between friction coefficient p and 
load W is given by the expression ju = The index c depends on the rider ra- 

dius of curvature. The value of c is approximately 1. 3 for rider radii of 0. 02 and 
0. 15 mm. 

The friction coefficients measured with the various rider radii of curvature (0. 02 , 

0. 15, and 0. 3 mm) showed that the friction behavior differed markedly with radius of 
cimvature. In these experiments, when c is less than 1.0, deformation is primarily 
elastic; when c is greater than 1.0, deformation is plastic. 

With diamond riders of 0. 15- and 0. 02 -mm radii in slidii^ contact with flat silicon 

carbide surfaces and c greater than 1.0, it might be anticipated that plastic deformation 

would occur in the silicon carbide (ref. 9). The spherical diamond rider would then plow 

out silicon carbide from the flat. The calcxilated mean contact pressure at a 50-gram 

2 

load with a 0. 02-mm-radius rider would be about 2000 kg/mm . The maximum pressure 

2 

at the center would be about 3000 kg/mm (i. e. , the yield pressure of silicon carbide 
(table D). 

The e^erimental evidence establishes that permanent grooves in silicon carbide are 
formed dwing sliding, as evident in fig^e 4. Figure 4 presents surface replication 
electron micrographs of a wear track generated by a 0. 02-mm-radius spherical diamond 
rider at loads of 30 and 40 grams. It becomes obvious from an examination of figure 4 
that a degree of plastic deformation occxmred in the silicon carbide. Surface cracking 
was observed at loads of 30 and 40 grams. At a 40^ram load, however, two t 3 rpes of 
cracking were observed. One type is characterized by a very small crack (P in 
fig. 4(b)) in the wear track that propagated perpendicular to the sliding direction. The 
other is a crack (S in fig. 4(b)) on both sides of the wear track that propagated outward 
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from the wear track. Some cracks zigzagged along cleavage planes of { 1010 } In the 
(1120) directions (Z in fig. 403)). 

With a 0. 02-mm-radius rider and a load of less than 20 grams, no cracks were ob- 
served. With a load of more than 30 grams, however, cracks were visible, as shown in 
figure 4. The first sign of cracking was the formation of a crack in the wear track (top 
of fig. 4(a)). Thus, the critical load for crack formation during slidir^ was 30 grams. 

When a 0. 15-mm -radius rider was used in these same experiments, small perma- 
nent grooves were formed in the silicon carbide d\iring sliding. However, no cracks 
were visible. These observations and the friction results with a 0. 15-mm-radius dia- 
mond rider in sliding contact with silicon carbide show that silicon carbide can deform 
both elastically and plastically and that the spherical diamond rider then plows the silicon 
carbide smrface. 

The measured friction coefficients were also orientation dependent (see section 
Anisotropies of Friction and Deformation on Basal Plane and fig. 10). This dependence 
reveals that the friction coefficient is influenced by the bulk properties of silicon carbide. 
The subject is explained in detail in the next section. 


Friction, Plastic Deformation, and Crackii^ with Conical Diamond Rider 

Sliding friction experiments were conducted with conical diamond riders in contact 
with a flat silicon carbide (0001) svtrface. Friction traces measured at various loads are 
presented in figure 5. The friction traces for light loads of 5, 10, and 20 grams are 
characterized by randomly fluctuatii^ behavior, with no evidence or only occasional evi- 
dence of stick-slip behavior. On the other hand, the traces for heavy loads of 30, 40, 
and 50 grams are primarily characterized by a continuous, marked stick-slip behavior. 

The friction coefficient was generally low (<0. 4) when stick-slip was absent (see 
average fluctuating friction in fig. 6). In this case, the sliding appears to involve a plas- 
tic flow and a small amotmt of crackir^, as shown in figure 7. Figure 7 contains a scan- 
ning and a surface replication electron micrograph of wear tracks that were generated by 
a conical diamond rider at a load of 30 grams. It becomes obvious from an examination 
of figure 7 that a significant degree of plastic deformation occurred in the silicon carbide. 
It has been suggested that the plastic behavior of otherwise brittle materials is due to the 
high comi>ressive stress that exists at the front contact surface of the rider during slid- 
ing (refs. 5 and 9). Under such conditions, sliding occiirs at the interface and the fric- 
tion primarily involves shearing at the interface and plowing (plastic deformation) in sil- 
icon carbide. 

By contrast, the friction coefficient, which shows a marked stick -slip behavior, was 
high (see average maximiun peak height in fig. 6). This friction process was accom- 
panied by both gross sirnface cracking and plastic flow, as shown in figure 8. Figure 8 
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presents scanning electron micrographs of the wear track generated by a conical diamond 
rider sliding at a 50-gram load. Considerable fracture of the surface occurred as a re- 
sult of cleavage. In addition, the heavily deformed groove in the central portion of the 
wear track was caused by plastic flow. The fracturing of the silicon carbide surface 
(fig. 8) is the result of cracks being generated along { 1010} and {0001} planes, prop- 
agating, and then intersecting. Thus, surface cracking in figure 8 is primarily due to 
cleavage of { loTO} planes, with the subsurface cracking beii^ caused by cleavage along 
{0001 } planes. Under such conditions, large amounts of wear debris are generated dur- 
ing sliding (fig. 9). Figxire 9 presents optical micrographs of wear tracks showii^ frag- 
ments of silicon carbide. Figure 9 also reveals light areas adjacent to the wear track 
that are due to slip-step or subsurface cracking generated during sliding. 

Increasing the load resulted in increased fracture. With heavier loads, the friction 
coefficient increased to its equilibrium value of 0, 6 to 0. 9. This value depends on the 
sliding direction, as indicated in figure 6. 

The foregoing results reveal that plastic flow, cleavage, and fracture in silicon car- 
bide are the main factors responsible for the observed friction behavior. Further, these 
studies show that the friction coefficient is influenced by the bulk properties of silicon 
carbide (friction dependency on orientation). 


Anisotropies of Friction and Deformation on Basal Plane 

The friction coefficient was measured as a function of the crystallographic direction 
of sliding on the basal plane (0001) of silicon carbide for various diamond riders. The 
results obtained are presented in figure 10. Anisotropy is governed by two factors: the 
geometry of the rider and the load. When the radius of curvature of the spherical rider 
was made larger or a lighter load was applied to the sliding surface (i, e, , elastic defor- 
mation or a small amount of plastic flow occurred), the friction was low. Further, the 
anisotropy diminished as indicated by the results of a 0. 3 -mm -radius spherical diamond 
rider sliding at loads of 5 and 30 grams and a 0. 02-mm-radius rider sliding at a load of 
5 grams (fig. 10). This type of behavior was also observed with diamond in sliding con- 
tact with itself (ref. 3). 

When higher loads were applied to the 0. 02-mm-radius spherical rider or a conical 
rider was used, penetration of the bulk occurred as a result of gross plastic flow and the 
silicon carbide exhibited anisotropic friction and deformation behavior. Observations of 
the silicon carbide surface by optical, scanning electron, and replication electron micro- 
scopy indicated that the ( 1120) direction had the larger wear track because of plastic flow 
and was the direction of high friction. This is the soft direction on the silicon carbide 
(0001) single -crystal surface. 
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Microhardness studies by Shaffer (ref. 4) and Adewoye, et al. , (ref. 3) also show a 
similar small anisotropy, with greater Knoop hardness in the ( 1010) direction than in 
the ( 1120) direction. The Knoop hardness of the basal plane of silicon carbide was 
greater than that for any other crystallographic plane in the material (ref. 4). It was 
therefore, anticipated that the ( loTO) direction in the basal plane of silicon carbide 
would exhibit the greatest abrasion resistance in practical applications because bulk de- 
formation plays a role in the frictional anisotropy of silicon carbide. 

Silicon carbide specimen surfaces on which a conical diamond rider slid in the 
(1010) direction were etched with molten salt (INaF + 2KCOg) at 700° to 800° C to re- 
veal dislocations. These surfaces are shown in figure 11. (^servations of the surface 
confirm that plastic flow has taken place beyond the actual wear track. In several cases, 
straight rows of dislocation etch pits appear along the ( 1120) direction in the (0001) 
plane. This is confirmatory evidence that the {1010} (1120) slip system is operating 
during sliding. This slip system is then responsible for the frictional anisotropy ob- 
served on the basal plane of silicon carbide. 

Several slip systems have been observed in 8 -silicon carbide, such as (0001) 
(1120), {3301} (1120) (ref. 10), and {1010} (1120) (ref. 11). The deformation be- 
havior of silicon carbide during sliding, as mentioned previously, may be readily ex- 
plained in terms of the resolved shear stresses (ref. 12) acting on { 1010} (1120) slip 
systems durii^ slidings in the ( 1010) and ( 1120) directions on a (0001) silicon carbide 
sxirface. In addition, Adewoye, et al. , (ref. 3) explained the Knoop hardness anisotropy 
data for the (0001) plane of 9-SiC by using the resolved shear stress analysis (ref. 12). 
Similar data for Knoop hardness anisotropy of timgsten carbide have been explained by a 
resolved shear stress calciilation involving the {1010} (0001) and {1010} (1120) slip 
systems (ref. 12). 


CONCLUSIONS 

From the slidii^ friction experiments conducted in this investigation with single- 
crystal silicon carbide in slidii^ contact with spherical and conical diamond riders , the 
following conclusions were drawn: 

1. When the radius of curvature of the spherical diamond rider is large (0. 3 mm), 
deformation of silicon carbide is principally elastic. Under these conditions the friction 
coefficient is low and does not show a dependence on the orientation of the silicon carbide. 
Further, there is no detectable cracking of the silicon carbide surfaces. 

2. Where the radius of curvature of the spherical diamond rider is smaller (0. 15 and 
0. 02 mm) or a conical diamond rider is used, plastic grooving occtirs, silicon carbide 
exhibits anisotropic friction and deformation behavior, and the friction coefficient de- 
pends on load. 
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3. Anisotropic friction and deformation on the basal plane of silicon carbide is con- 
trolled by the slip system { 1010} ( 1120) and a cleavage of {1010}. 

It is predicted from the foregoing conclusions that the (1010) directions in the basal 
plane of silicon carbide will exhibit the greatest resistance to abrasion in practical ap- 
plications. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, June 17, 1977, 

506-16. 
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TABLE I. - MAXIMUM HERTZIAN CONTACT 


STRESS OF SILICON CARBIDE IN STATIC 
CONTACT WITH DIAMOND RIDERS 


Normal 

Radius of curvature of rider, mm 

load, 

g 

0.02 

0. 15 

0.3 

n 

Maximum Hertzian contact stress, kg/mm 

5 

14x10^ 

3.7X10^ 

2.3x10^ 

10 

18 

4.6 

2.9 

20 

22 

5. 8 

3.7 

30 

25 

6.6 

4.2 

40 

28 

7.3 

4.6 

50 

30 

7. 8 

4.9 


Translational 



CD-l2079-2fi 

Figure 1. - Friction and wear apparatus in argon at atmospheric pressure. 
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0 10 20 30 40 50 

Load, g 


Figure 2. - Average friction coefficient as function of load for a spher- 
ical 0. 3-mm-radius diamond rider sliding on silicon carbide (0001) 
single-crystal surface in argon at atmospheric pressure. Sliding 
velocity, 3 mm/ min; temperature, 25° C. 



0 10 20 30 40 50 

Load, g 


Figure 3. - Average friction coefficient as function of load for spher- 
ical diamond riders sliding on silicon carbide (0001) single-crystal 
surface in argon at atmospheric pressure. Sliding direction, 
<1120> ; sliding velocity, 3 mm/ min; temperature. 25° C. 
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Crack 
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Slicitny 

direction, 

<i010> 


P- 5 


(a) Load, 30 grams. 


N- S 








P 



Sliding 

direction 


(b) Load, 40 grams. 

Figure 4. - Replication electron micrographs of wear track on polished (0001) silicon carbide surface. 
Single pass of 0.02- mm- radius spheriral diamond rider in argon at atmospheric pressure; sliding 
direction. <1010); sliding velocity, 3mm/min; temperature, 25° C. 
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Friction force, 


25 — 



(c)Load, 5 grams. 

Figure 5. - Friction traces for conical diamond rider 
sliding on silicon carbide (0001) single-crystal sur- 
faces in argon at atmospheric pressure. Sliding 
direction, <1010); sliding velocity, 3mm/min; 
temperature, 25® C. 


1.0 r- 



0 10 20 30 40 50 

Load, g 

Figure 6. - Friction coefficient as function of load for conical diamond rider sliding 
on silicon carbide (0001) single-crystal surfaces in argon at atmospheric pressure. 
Sliding velocity, 3mm/min; temperature, 25® C. 


CO 



I 



Sliding 


direction, 

(lOiO) 


' ( 1120 ): 



(a) Scanning electron micrograph. 



(b) Replication electron micrograph. 

Figure 7. - Wear track on polished (0001) silicon carbide surface. Single pass of 
conical diamond rider in argon at atmospheric pressure; sliding direction, (lOTo); 
sliding velocity, 3 mm/min; load, 30 grams; temperature, 25° C. 
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Sliding , 
direction 


(a) Wear track 




/ 


direction 


(b) Wear track at higher magnification. 

Figure 8. - Scanning electron micrographs of wear track on polished (0001) silicon 
carbide surface. Single pass of conical diamond rider in argon at atmospheric 
pressure: sliding direction, (lOTO) ; sliding velocity, 3 mm/min; load, 50 grams 
temperature, 25° C. 


5 












(a)^1010)direction. 



(b)<1120>direction. 

Figure 9. - Optical micrographs of wear debris of silicon car- 
bide. Single pass of conical diamond rider in argon_at atmo- 
spheric pressure; sliding directions, (lOlO and (1120); 
sliding velocity, 3 mm/min; load, 30 grams; temperature, 
25°C, 
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0.3-mm-radius 0.02-mm- radius Conical rider 

spherical rider spherical rider 


Figure 10. - Friction anisotropy for spherical and conical diamond riders sliding 
on silicon carbide (0001) single-crystal surface in argon at atmospheric pressure. 
Sliding velocity, 3mm/min; temperature, 25° C. 
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Figure 11. 
carbide 
pass of 
(lOlO) 



1 ( 1120 ) 


( Sliding 
direction 


- Scanning electron micrographs of wear tracks on polished (0001) silicon 
surface (etched with molten salt (INaF + 2 KCO 3 ) at 700° to 800° C). Single 
conical diamond rider in argon at atmospheric pressure; sliding direction, 

; sliding velocity, 3 mm/min; load, 50 grams; temperature, 25° C. 
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Figure 11. - Concluded. 
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